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ABSTRACT 
An experimental investigation is described in which a 
simple speaker-driven jet was used as a pulsed thrust 
source (driver) for an ejector configuration. The 
objectives of the investigation were twofold:  First, to add 
to the experimental body of evidence showing that an 
unsteady thrust source, combined with a properly sized 
ejector generally yields higher thrust augmentation values 
than a similarly sized, steady driver of equivalent thrust. 
Second, to identify characteristics of the unsteady driver 
that may be useful for sizing ejectors, and predicting what 
thrust augmentation values may be achieved. The 
speaker-driven jet provided a convenient source for the 
investigation because it is entirely unsteady (having no 
mean component) and because relevant parameters such 
as frequency, time-averaged thrust, and diameter are 
easily variable. The experimental setup will be described, 
as will the various measurements made.  These include 
both thrust and Digital Particle Imaging Velocimetry of 
the driver.  It will be shown that thrust augmentation 
values as high as 1.8 were obtained, that the diameter of 
the best ejector scaled with the dimensions of the emitted 
vortex, and that the so-called Formation Number serves 
as a useful dimensionless number by which to 
characterize the jet and predict performance.  
 

INTRODUCTION 
Unsteady ejectors have received renewed attention in recent 
years, primarily due to the heightened interest in pulse

detonation-based propulsion systems, which produce 
unsteady, impulsive thrust. It has been demonstrated in the 
past1,2 and recently3�5 that properly dimensioned ejectors, 
driven by unsteady thrust sources, often produce higher levels 
of thrust augmentation, at a considerably smaller size than do 
those driven by steady jets. 
 
For reference, thrust augmentation is defined as follows: 
 

 j

Total

T
T≡φ  (1) 

 
where TotalT is the total time-averaged thrust of the 
ejector and driver and jT is the time-averaged thrust of 
the jet alone. 
 
The impetus for the experiment described in this paper 
was the observation that the recent demonstrations 
(experiments) referenced were inconsistent in their peak 
performance.  A variety of thrust sources were utilized 
in Refs. 3-6; however, all shared a similar ejector style 
(nearly cylindrical). Parameters of the ejectors (length, 
diameter, inlet leading edge radius) were varied in each 
experiment to achieve peak thrust augmentation levels, 
which will be referred to in this paper as geometrical 
optimization. It was observed however that marked 
differences in peak augmentation levels were obtained 
with the different experiments. Even the same 
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source operating at different frequencies yielded 
different augmentation levels. *This is shown in Fig. 1, 
where the peak thrust augmentation achieved for the 
various thrust sources are plotted, along with their 
respective operational frequencies. The obvious 
conclusion to be drawn from the above observation is 
that the presence of unsteadiness alone does not 
guarantee superior performance. There are 
characteristics of the unsteady jet which produce better 
or worse performance.  Subsequent Digital Particle 
Imaging Velocimetry (DPIV) of both the Ref. 3 
pulsejet9 and Ref. 4 resonance tube suggested that one 
critical feature of the flow is the vortex which is emitted 
with each pulse of the driver.  Such vortices can be seen 
for each of the Refs. 3 and 4 drivers in Figs. 2 and 3, 
respectively. The figures show ensemble-averaged, 
instantaneous vorticity contours at the approximate 
moment when the emitted vortex would enter an ejector.  
Although not present when the PIV measurements were 
made, outlines of the ejectors yielding peak thrust 
augmentation are shown in each figure.  In each case the 
optimal ejector is precisely sized to just bound the 
emitted vortex.  This striking observation served to 
substantiate the notion that the starting vortex plays a 
vital role in the performance of unsteady ejectors, and 
that parameters which characterize the vortex may 

                                                           
*The Ref. 6 PDE (Pulse Detonation Engine) experiment was not 
geometrically optimized as were those of Refs. 3-5.  Instead a single 
ejector was used with a diameter-to-jet diameter ratio similar to both 
the optimized Ref. 3-5 experiments. This is consistent with the 
optimal findings of Refs. 7-8, where a similar sized PDE was used as 
a driver.  The length used was the longest available at the time of the 
experiment.  The inlet radius was also the largest available, a choice 
which is consistent with the Ref. 3 experiment. 

characterize the ejector performance as well.  One such 
parameter is the so-called Formation Number.10 Its 
proposed use in predicting geometrically optimized 
ejector performance is briefly reviewed below from 
Ref. 3. The thrust from an unsteady driver can be 
divided into a steady and an unsteady (but periodic) 
component.  The thrust augmentation can similarly be 
divided. From this division the total thrust augmentation 
can be expressed as 
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Fig. 1 Peak thrust augmentation levels achieved 
with various drivers using geometrically optimized, 
nearly cylindrical ejectors.  Colors indicate driving 
source.  Categories indicate operating frequency. 

Fig. 3 Color contours of 200 sample, ensemble-
averged, instantaneous vorticity in a resonance 
tube-driven flow.  The measurements were made 
using DPIV.  An outline of the ejector profile 
yielding peak thrust augmentation is shown but was 
not present during velocity measurements. 

Fig. 2 Color contours of 150 sample, ensemble-
averged, instantaneous vorticity in a pulsejet-driven 
flow.  The measurements were made using DPIV. 
An outline of the ejector profile yielding peak thrust 
augmentation is shown but was not present during 
velocity measurements. 
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where the jet velocity uuu ′+≡ , and where, if T is the 

thrust, then j
ss

Total
ss

ss T
T

=φ and j
us

Total
us

us T
T

=φ .  Here, over-

bars represent time averages, the superscript j refers to 
the jet alone, and the superscript Total refers to the 
jet/ejector combination.  The steady state augmentation 
component can be estimated using available 
correlations or mixing calculations.  The unsteady thrust 
augmentation component, it is proposed, can be written 
in the form 
 

 ( ) 2usus
us

1
η

β+=φ  (3) 
 
where βus, and ηus are the unsteady entrainment ratio 
(secondary to primary mass flow) and efficiency 
respectively.  This is a similar form to a model used for 
steady ejectors.11  Both of the parameters in Eq. 3, and 
therefore the unsteady thrust augmentation itself, are 
thought to be sole functions of the jet Formation 
Number.10 In this work, the Formation Number (an 
inverse Strouhal Number or reduced frequency) is 
defined as 
 

 
j

2

fd2
uF

′
=  (4) 

 
where f is the frequency of the primary source, and dj is 

the jet diameter.�  It is noted that 2u′ is impossible to 
measure in some experiments, but can be inferred from 
thrust data, or estimated from simulations.  With βus a 
monotonically increasing function of F and ηus flat to 
some critical value of F, then monotonically decreasing 
(based on limited data from Refs. 3 and 4), the form of 
φus becomes that shown in Fig. 4.  Also shown in this 
figure are the available results measured from several 
experiments.  The comparison between predictions and 
experiment is encouraging, particularly with regard to 
the basic shape.  There appears to be a particular 
formation number at which the best unsteady 
performance is found, with performance falling off 
rapidly to the left and gradually to the right.  The data 
however, is admittedly sparse.  The sparse nature of the 
data was, in fact, the impetus for the experiment to be 
described. 
 
If an unsteady thrust source could be developed with the 

capability of large variations in frequency, 2u′ , and jet 
diameter, then a range of Formation Numbers could be 
examined.  This could be used to validate the notion of 
Formation Number as a performance metric since it 
could be varied in several ways (e.g. diameter, 

frequency, and 2u′ ). 
 
A speaker-driven, or so-called synthetic, jet meets these 
requirements and has the added benefit of having no 
steady velocity component (zero net mass flow), 
thereby isolating the thrust augmentation to only the 
unsteady component. 
 

                                                           
�Equation 4 is a slightly different form than Ref. 10 from which it 
was obtained.  In Ref. 10, the velocity and time scales were presented 

as ∫
outflowt

0
dtu , where toutflow denotes the time period over which the 

flow is leaving the jet source.  This is often a difficult quantity to 
obtain, and may not be appropriate when the unsteady jet source has 
a large steady component of velocity.  In jets where the steady 
velocity component is small, it is probable that the integral above is 

closely related to 
f2

u 2′
. 
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One potential drawback to the device is that the thrust 
levels and corresponding velocities are exceptionally 
low, possibly putting the flow in a different regime from 
the other devices examined.  This will be discussed in 
subsequent sections. 
 
This paper describes the speaker-driven jet experiment 
and presents the results obtained to date.  It will be 
shown that Formation Number as defined above is an 
excellent correlating parameter (i.e. much of the data 
collapses onto a single curve when it is plotted as a 
function of F).  It will also be shown however, that it is 
not the only required parameter.  There are apparently 
additional characteristics of the jet flow that impact 
performance since the peak thrust augmentation levels 
achieved with the speaker driven jet were below those 
seen in Fig. 1.  Possible explanations will be offered. 
 
Additionally, limited results from particle imaging 
velocimetry (PIV) measurements obtained on the 
system will be presented to supplement discussions and 
assumptions.  No description of the PIV system or 
method will be presented as it is well described 
elsewhere9. 
 

EXPERIMENTAL SETUP 
The experimental arrangement is shown to scale in 
Fig. 5, along with relevant nomenclature.  An 8 inch, 
dual coil speaker (Peerless brand) was mounted on the 
back of a cylindrical cavity.  The other end of the cavity 
was sealed except for an exit hole, the diameter of 
which could be varied by means of the inserts shown.  
The speaker was driven by an Altec/Lansing Model 
1269 audio amplifier.  The input signal for the amplifier 
was a sinusoid of variable frequency supplied by a 
Wavetek Model 193 signal generator.  The speaker and 
cavity arrangement was mounted on a support stand 
from which an ejector could be suspended.  Below this 
an 18 in. square plexiglass plate was mounted on a 
Mettler-Toledo Model PB5001-S digital scale (with 
0.1 gram accuracy).  The scale rested on the floor of the 
laboratory.  All measurements of thrust were made by 
simply reading the output on the scale.  This was the 
only method available, and was sub-optimal due to the 
fact that readings were often fluctuating.  A long-
duration, time-averaging procedure would have been 
preferable; however, given the large number of readings 
obtained, it is believed that the overall error introduced 
by the method used is small. Output from the audio 
amplifier was measured on a Tektronix Model TDS-220 
oscilloscope from which both frequency and rms 
voltage could be obtained. 

digital scale

1/8 in. thick plexiglass
18 in.

21 in.

7.6 in.

8 in. speaker

3 in.

De=2.2 in.

insert2.5 in.

Side View Front View

inlet radius=0.75 in.

dj

Fig. 5 Experimental setup and nomenclature for the speaker�driven jet. 
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JET CHARACTERIZATION 
The arrangement was initially tested with no ejector in 
place so that the denominator of Eq. 1 could be 
determined.  Typical results are shown in Fig. 6 where 
measured thrust is plotted against rms voltage for 
various jet diameters, at a driving frequency of 20 hz.  
All of the data appears smooth and is well fit using a 
cubic polynomial for each diameter.  It is observed that 
for a given rms excitation, the thrust increases with 
increasing jet diameter until dj=1.5 in.  It is not clear 
why this �peak� occurs; however, it is consistent with 
the observation that at extremely large jet diameters 
(dj>4 in.) virtually no thrust was observed.  The upper 
limit of excitation voltage was determined by estimating 
the safe power limits of the speaker.  Because this thrust 
reduction was observed with jet diameters at and above 
1.5 in., thrust augmentation data was collected only for 
jet diameters smaller than this. 
 
Figure 7 shows measured thrust plotted against rms 
voltage for various frequencies, at a jet diameter of 
1.2 in.  Here it is seen that thrust obtained for a given 
excitation is essentially independent of frequency from 
20<f<50 but falls off substantially above or below this 
range.  At low frequency, the thrust reduction appears to 
be related to the speaker coil reaching fixed travel 
limits.  The reason for the high frequency reduction is 
not clear.  It may be related to the coil response, or it 
may be a fluid mechanical effect.  It is noted that at 
approximately 200 hz. there is no measurable thrust.  
Whatever the mechanism behind the changes in thrust 
for a given excitation, the frequencies at which they 
occurred were deemed as limits for augmentation 
testing.  Thus, augmentation results (i.e. thrust with an 
ejector) were only collected at frequencies between 15 
and 70 hz.  

  
AUGMENTATION 

Only one ejector diameter was tested in this experiment.  
Due to the peculiarities of the setup, it was much easier 
to obtain geometric optimization by varying the driver 
jet diameter than by varying the ejector diameter as was 
done in Refs. 3 and 4.  The ejector inlet radius (see 
Fig. 5) was set at 0.75 in. and no testing was done to 
determine an optimal value (previous experiments 
indicate that the effect is small and in general, the 
bigger the better). Because it was difficult to change the 
position of the ejector, all augmentation measurements 
were made at a driver-to-ejector inlet spacing of 
approximately 2.5 in.  This effect is also expected to be 
fairly small based on previous results. 
 
For each jet diameter and frequency, thrust as a function 
of rms voltage was first determined for the jet alone and 
fit to a cubic least squares approximation.  The ejector 
was then put in place and thrust (now total) was again 
measured against excitation voltage.  From this data, 
and the cubic fit, thrust augmentation was determined. 
 
Thrust augmentation as a function of the rms excitation 
voltage is shown in Fig. 8 for a range of jet diameters.  
The ejector length is 7.6 in.  The data was obtained at 
an excitation frequency of 20 hz.  In general, a jet 
diameter of 1.2-1.3 inches yielded the highest 
augmentation over the range of excitation voltage.  
Similar results were found at frequencies of 30 and 
40 hz.  The next largest jet diameter insert available was 
1.5 in. which, as noted in Fig. 6 produced somewhat 
anomalous results and was not used for augmentation 
studies.  Thus, the 1.2 in. jet was chosen as being 
geometrically optimized for the ejector and was used in 
subsequent tests to vary Formation Number.  This 
diameter jet was also used in tests to determine the 
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Fig. 6 Measured time-averaged jet thrust as a 
function of RMS speaker voltage for various jet 
diameters at 20 hz. excitation. 
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optimal length of the ejector.  Three different length 
ejectors were tested over a limited set of frequencies�.  
Of these, the 7.6 in. length ejector shown in Fig. 5 
yielded the best results. 
 
Subsequent PIV measurements on this jet yielded 
results similar to those noted in Figs. 2 and 3, namely 
that the boundary of the emitted vortex coincides with 
the ejector diameter.  This is illustrated in Fig. 9 which 
shows 200 point ensemble-averaged, instantaneous 
contours of vorticity for the emitted vortex of the 1.2 in. 
jet at a frequency of 50 hz. and an rms speaker 
excitation voltage of 10.0 volts.  An outline of the 
ejector is also shown.  Identical images were obtained at 
20 hz. excitation. 
 
It is observed that ratio of ejector body diameter 
(2.2 in.) to driver diameter (1.2 in.) yielding optimal 
performance is quite different, at 1.83, than those of 
other unsteady driver experiments, which range from 
2.4-3.0.  This observation suggests that a speaker-driven 
vortex may scale in size somewhat differently than one 
emanating from a �pipe� such as a pulsejet, resonance 
tube, or pulse detonation engine.  This will be discussed 
in the next section of the paper. 
 

CALCULATION OF FORMATION NUMBER 
The Formation Number defined by Eq. 4 requires an 
rms velocity, which generally must be inferred or 
computed based on available data.  A momentum 
balance will show that for a speaker driven jet with no 
net mass flow, the time-averaged thrust is 

                                                           
�The ejectors used here were constructed for use in another 
experiment. The lengths and diameters available were limited.  

 

 ( )∫ τ−
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where A is the jet area, pe is the static pressure at the jet 
exit plane, and pamb is the ambient pressure.  During 
outflow periods it may be assumed that pe=pamb.  During 

inflow periods it is estimated that 
c

2

ambe g2
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′ρ−≈− .  

Thus, with inflow occurring over approximately half the 
cycle 
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Equations 5 and 6 assume a spatially uniform 
distribution of pressure and rms velocity across the jet; 
however, and it was observed in the PIV measurements 
that this was not the case.  This is clearly seen in Fig. 10 
which shows the measured distributions of rms velocity 
for two different sized jets, at two different Formation 
Numbers.  Each point is a time-average of 16 phase-
locked instants comprising a full cycle.  Each instant 
consists of 200 ensemble-averaged measurements.  The 
measurements are 0.2 in. downstream of the jet exit.  
The physical boundaries of the jet openings are marked 
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Fig. 8 Measured, time-averaged Thrust 
Augmentation as a function of the RMS speaker 
voltage for various jet diameters at an excitation 
frequency of 20 hz. Fig. 9 Color contours of 200 sample, ensemble-

averged, instantaneous vorticity in a speaker-
driven flow.  The measurements were made using 
DPIV.  An outline of the ejector profile yielding 
peak thrust augmentation is shown but was not 
present during velocity measurements. 
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in with red lines.  All of the rms distributions appear to 
have a nearly uniform region that is smaller than the 
physical jet diameter.  Since it is this �core� flow that is 
of importance in vortex formation, it seems reasonable 
to characterize the jet not by the physical diameter or 
area, but by an effective diameter, and to use the core 
rms velocity fluctuations to determine Formation 
Number.  For both of the jets measured it was found 
that 
 
 6.0dd jeff =  (7) 
 
Interestingly, this corresponds closely to a typical 
discharge coefficient for a sharp edged orifice in steady 
flow.  It is also interesting to note that, using this 
effective diameter makes the ratio of ejector to 
(effective) jet diameter at which peak performance 
occurs 2.4, which is nearly identical to that found with 
the pulsejet-driven system.  That is to say it reinforces 
the growing evidence that optimal unsteady ejectors 
scale in diameter with the vortex, and that the vortex 
scales in size with the effective jet source. 
 
In light of the observed non-uniformities in rms 
velocity, the observed presence of an effective diameter, 
and the fact that it is an estimate, Eq. 6 was modified, 
and rearranged to solve for rms velocity as  
 

 
2/1
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αρπ
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where it is understood that the rms velocity referred to 
is the jet core value.  The coefficient α was determined 
for each of the four jet velocity fields measured using 
PIV and the corresponding measured thrust values.  
Averaging the four α values yielded a final result of 
α=1.253, with a standard deviation of 7%.  The rms 
velocity values calculated with Eq. 8 and this α for the 
four jets measured with PIV are shown in Fig. 10. 
 

RESULTS 
Formation Number, as described above, and thrust 
augmentation, were obtained for the 1.2 in. diameter jet 
and 2.2 in. diameter ejector over a range of frequencies 
from 15 to 70 hz., and over a range of jet thrust levels 
from 0 to 25 grams.   The data was used to make the 
plot shown in Fig. 11.  Here, Thrust Augmentation 
(unsteady by definition) is plotted as a function of jet 
Formation Number for the entire frequency and thrust 
range tested.  The fact that all of the data collapse neatly 
on a single curve is strong evidence that the Formation 
Number of Eq. 4 is indeed a relevant parameter for 
predicting geometrically optimized ejector performance.  
The curve shown in Fig. 11 is simply a polynomial fit to 
the data, however, it is remarkably similar in shape to 
that formed by Eq. 3 and its underlying assumptions 
(i.e., entrainment increases with F, and efficiency is 
initially flat then decreasing with F).  This result lends a 
measure of credence to such a modeling approach. 
 

DISCUSSION 
While Fig. 11 demonstrates a consistent relationship 
between Formation Number and Thrust Augmentation 
for the speaker-driven jet, it is somewhat inconsistent 
with results obtained using other unsteady data. 
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Figure 12 combines the results of Figs. 4 and 11 onto a 
single plot.  Here it is seen that while the speaker-driven 
system has the same trend as the other systems, the peak 
values are not as high and the Formation Number at 
which the peak occurs seems to be somewhat lower. 
 
With regard to the latter discrepancy, it should be kept 

in mind that the values of 2u′ used in calculating 
Formation Numbers of the other experiments are 
estimated from equations similar to Eq. 6.  While this 
proved accurate for the speaker-driven jet, it may not 
prove reliable for the other thrust sources.  Subsequent 
PIV measurements on the resonance tube and pulsejet 

sources for example showed values of u
u 2′ to be 

approximately 0.83 and 1.74, respectively.  These were 
somewhat less than the estimated values of 1.04 and 
1.89.  This result reduces the Formation Number (but 
raises the unsteady Thrust Augmentation) for both 
cases.  Furthermore, in the case of the Pulsejet and 
PDE, the density (used in Eq. 6) of the emitted flow 
could not be measured.  Estimates based on simulations 
were used, and these may have inaccuracies too.   
 
Regarding the differences in peak thrust augmentation 
values between the present and previous experiments, 
several mechanisms seem plausible and will be 
discussed below. 
 
Reynolds Number 
The vorticity transport equations (being derived from 
the Navier-Stokes equations) yield a dissipation term 
that is preceded by a Reynolds Number.  For the 
unsteady jets under consideration here, an appropriate 
Reynolds Number may be written: 
 

 
µ
′ρ

= eff
2

e
du

R  (9) 

 
The typical values for the four experiments are shown in 
Table 1.  Although the pulsejet has rms velocities that 
are an order of magnitude above the speaker�driven 
system, the emitted flow is much hotter and therefore 
much less dense, and much more viscous.  The result is 
that the two systems have comparable Reynolds 
numbers but much different performance.  Conversely, 
the speaker-driven and resonance-tube systems have 
vastly different Reynolds numbers, but similar 
performance.  It is therefore unlikely that this is the 
explanation for the differences; however, it is noted that 
the length and velocity scales used to define the 
Reynolds Number shown may not be appropriate. 
 
Turbulence 
Here again, the impact is unclear; however, it is noted 
that the pulsejet, which showed the highest thrust 
augmentation, has a vortex which is considerably more 
turbulent than the others for which such measurements 
were possible.  Figure 13 shows the instantaneous, 
ensemble-averaged, total Turbulence distributions for 
three separate pulsed thrust sources.   Turbulence has 

Table 1  Reynolds Number estimates for Several 
Pulsed Thrust Experiments. 

 Speaker-
Driven 

Pulsejet Resonance 
Tube 

PDE 

Re 3.0×104 3.5×104 2.5×105 1.8×105 
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Fig. 13 Total Turbulence distributions for three 
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using PIV at the approximate downstream location 
where the vortex enters the ejector. 
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been scaled by local, instantaneous, ensemble-averaged, 
total velocity.  Note that the turbulence shown is distinct 
from the periodic velocity fluctuation used in 
calculating Formation Number.  Radial distance has 
been scaled by effective diameter.  The measurements 
were made at the approximate downstream location 
where the vortex enters the ejector.  Of note in the 
figure is the observation that the regions of high 
vorticity are the same as those of high turbulence and 
that the pulsejet driven flow has particularly high 
values.  It is possible that the turbulence in this region 
acts as an effective mechanism by which the vortex 
transfers its rotational energy to the entrained flow.  
Alternately, the turbulence may act to enhance 
entrainment of secondary flow by the vortex. 
 
It is probable that the high turbulence level of the 
pulsejet flow result from the violent combustion 
processes taking place within the device.  It is probable 
that these are present in the PDE as well, which is 
consistent with the relatively high augmentation results 
observed. 
 
It is interesting to note that preliminary computational 
simulations of a PDE-driven ejector system similar to 
the one actually tested6, but using an inviscid code 
yielded no thrust augmentation12.  The addition of 
laminar viscosity may make little difference to such a 
calculation; however, high levels of turbulent viscosity 
may have a substantial impact. 
 
Emitted Flow Enthalpy 
It is observed that the pulsed sources with the highest 
emitted enthalpy seem to yield the highest unsteady 
thrust augmentation.  No explanation can be offered as 

to why this is so.  In fact, steady ejector results indicate 
a reduction in performance as the enthalpy increases 
relative to the entrained flow. 
 
As a simple test of this observation suitable to the 
current speaker-driven system, the setup shown in Fig. 5 
was modified such that a steady flow of a low molecular 
weight gas could be introduced into the cavity region.  
The modified setup is shown schematically in Fig. 14.  
The gas chosen was helium.  The jet diameter was 
1.2 in.  The concept for such a system was that ambient 
air would enter the cavity on the �in-stroke� of the 
speaker, mix with whatever helium was forced into the 
cavity, and exit on the �out-stroke� as a uniform mixture 
at some intermediate density and specific enthalpy.  No 
provision was made to validate this vision.  Nor, due to 
time constraints, was any provision made to measure the 
enthalpy of the emitted gas. 
 
Although no flow meter was available, a pressure 
regulator at the gas supply point, followed by 88 inches 
of 0.165 in. ID tubing allowed for reasonable estimates 
using a Moody Chart.13 
 
Because of the limited supply of helium in the facility, 
testing was extremely limited.  Only one frequency was 
tested.  The value chosen was 15 hz.  At this frequency 
only two speaker excitation voltages were tested.  These 
were rms voltages of 2.63 and 8.79V. 
 
The jet was first tested alone at various levels of 
auxiliary gas injection using both air and helium.  The 
two gases were used in order to distinguish between 
changes in thrust due to using a light (high specific 
enthalpy) gas and those due to auxiliary injection itself.  
The results are shown in Fig. 15.  Here, the measured 
jet thrust is plotted as a function of estimated auxiliary 
gas volumetric flow rate for both helium and air as 
auxiliary gases, using the two different excitation 
voltages.  Each point is an average of several readings.  
The estimated auxiliary flow rate has been normalized 
by the product of the effective area and the rms velocity 
of the jet with no auxiliary gas present (Eq. 8).  Values 
of this normalized flow rate that are greater than 1 
roughly indicate that the auxiliary gas flow completely 
fills the added chamber volume during the intake stroke 
of the speaker.  That is, there is no longer inflow 
through the jet opening.  Also shown in the figure (as 
open symbols), for air only, are the expected thrust 
levels if the estimated steady flow components were 
simply added to the unsteady component when there is 
no injection.  
 
Several features of this plot are surprising, and tend to 
render the augmentation results which follow somewhat 

Gas Supply

Tygon Tubing

L=88 in.
0.165 ID

Regulator

Fig. 14 Schematic diagram of modifications to the 
speaker-driven jet allowing for forced addition of a 
supplementary gas.  The lines (in red) are 
distributed symmetrically about the cavity 
circumference. 
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inconclusive, though still worthwhile.  Consider first the 
results with air as auxiliary gas.  It was expected that the 
addition of auxiliary air would lead to an increase in 
thrust, since it adds a component to Eq. 6.  While this 
seems to hold well for the low-voltage excitation, it 
does not for the high-voltage case.  The latter result 
suggests that the presence of the auxiliary air has an 
impact on the motion of the speaker itself and, in turn, 
on the manner in which fluid moves in and out of the 
cavity. 
 
A second, and perhaps more striking feature of Fig. 15 
is the apparent negative thrust (lift on the thrust plate of 
Fig. 5) observed in the low-voltage case, with helium as 
the auxiliary gas.  This is believed to be related to 
buoyancy effects, which can influence the thrust 
measurements due to the particular orientation of the 
thrust plate and jet.  (i.e., it is pointing downward). 
Although the mechanism is not clear, the negative thrust   
may arise when the lightweight gas jet forms a sheet as 
it is deflected across the thrust plate.  Alternately, the 
gas may never become a sheet.  It may begin to spread 
across the thrust plate, then rise from it.  Both situations 
could give rise to a negative thrust reading.  It should be 
kept in mind as well that at the low speaker excitation 
levels, the emitted flow is composed entirely of helium 
(see Fig. 15).  Thus, based on density alone, the thrust 
should be approximately 7 times less than that measured 
with air as the auxiliary gas.  Extrapolating the air 
results of Fig. 15 to auxiliary flow rates comparable to 
those with helium would yield a maximum thrust of 

only about 1 gram.  A small error due to buoyancy 
could easily lead to negative readings.  Additionally, if 
the emitted flow from the jet is thought of as a series of 
self contained �balls� of helium, the deceleration due to 
their buoyancy could result in them moving  
significantly slower by the time they reach the plate than 
when they left the exit hole of the jet.  This, in turn 
would lead to thrust reading even less than the 1.0 gram 
estimate just given. 
 
Whatever the cause, the low-voltage excitation data was 
not considered usable, and all of the results shown 
hence will focus on the high-voltage.  It is noted, with 
respect to the high-voltage excitation data, that the 
decrease in thrust observed with the helium auxiliary 
gas is consistent with the emitted gas being lighter.  
Bouyancy effects are expected to be lower in this case 
however, as the emitted gas is not nearly as light as the 
low voltage case.  Furthermore, the thrust levels are 
much higher, and the errors, even if the same as the low 
voltage case, are a considerably smaller fraction of the 
total. 
 
Thrust augmentation results for the high-voltage case 
are presented in Fig. 16.  Like Fig. 15, data is plotted as 
a function of estimated auxiliary gas volumetric flow 
rate.  The trend of the auxiliary air data is expected in 
light of Eq. 2.  As more gas is injected the steady 
component of thrust rises.  The thrust augmentation due 
to this steady component is considerably less than the 
unsteady component, and thus the overall augmentation 
should decrease.  The trend for auxiliary helium data 
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seems to support the notion that high enthalpy jet flows 
improve the unsteady thrust augmentation. 
 
A crude estimate of the jet density and hence specific 
enthalpy may be obtained as follows.  Assuming that 
thrust may be calculated as 
 

 




 +′








 ρπ
≅ 22

c

2
effj uu

g4
d

T  (10) 

 
For the jet with Auxiliary air injection, ρ, and u  are 
known (the latter from the estimated auxiliary flow 

rate). Equation 10 can thus be used to obtain 2u′ .  This 
value was a fairly constant 3652 ft2/s2 for the three air 
injection cases tested, with only 3.8% standard 

deviation.  Assuming this same value of 2u′ for the 
helium auxiliary gas and noting that  
 

 
4
du

m
2
eff

He
πρ

≈&  (11) 

 
Equations 10 (with ρ=ρ ) and 11 can be solved 
simultaneously to obtain ρ and u .  These can, in turn 
be used to obtain the average specific enthalpy ratios 
(from the properties of helium and air mixtures) and the 
values of unsteady augmentation from Eq. 2.  A steady 
thrust augmentation estimate (based on a simple 
constant area mixing calculation) of 1.2 is used.  This 
exercise results in the plot shown in Fig. 17 where 
unsteady thrust augmentation is plotted as a function of 

jet enthalpy ratio.  It is clear that thrust augmentation 
increases with increasing enthalpy ratio. 
 

CONCLUSIONS 
The experiment described in this paper has 
demonstrated that a versatile, small scale, speaker-
driven, pulsed thrust system can be used to investigate 
unsteady thrust augmentation in general.  It was verified 
that the Formation Number, as defined in Eq. 4, is a 
relevant; though not sufficient parameter on which to 
base unsteady ejector performance.  Furthermore, it was 
demonstrated that unsteady thrust augmentation, plotted 
as a function of Formation Number exhibits a maximum 
value, as predicted by the modeling approach of Eq. 3.  
The Formation number at which the maximum occurs is 
close to that identified in Ref. 10 as marking the point 
when the emitted vortex no longer contains all of the 
emitted vorticity.  It was also shown that the jet-to-
ambient enthalpy ratio may be another critical 
parameter in predicting unsteady thrust augmentation. 
 
The DPIV measurements presented strongly suggest 
that the ejector diameter for which optimal 
augmentation is obtained is directly linked to geometric 
size of the vortex ring, and that the vortex ring size is 
geometrically related to the (effective) jet diameter.  In 
this work, it was found that the optimal ejector diameter 
is approximately 2.4 times that of the driver.  It was also 
concluded from these measurements that vortex 
turbulence may play a role in unsteady ejector 
performance.  
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